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The effect and mechanism of oleanonic acid targeting TRAF1 in
regulating Cullin NEDDS8 modification
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Abstract: In the early stage of the project, it was found that natural pentacyclic triterpenes liquidambaric acid
regulates the NEDD8 modification of Cullin2. This study aims to find more triterpenoid natural active molecules
targeting Cullin family members and reveal its mechanism of action. Western blot was used to detect natural
products that can significantly change the total protein NEDDS8 modification and specific Cullin protein NEDDS§
modification in cells; microscale thermophoresis (MST) was used to detect the direct binding of candidate small
molecule oleanonic acid to TRAF family proteins, and the binding at the level of living cells was verified by
cellular thermal shift assay (CETSA). Proximity ligation assay (PLA) was used to investigate the regulatory effect
of oleanonic acid on the protein interaction between TNF receptor-associated factor 1 (TRAF1) and Cullinl
NEDDS8 modified complex. Three pentacyclic triterpenoids were found to significantly inhibit NEDDS
modification in cells, among which oleanonic acid had the strongest effect on blocking NEDD8 modification.
Different from the previous identification that liquidambaric acid regulates Cullin2/5, oleanonic acid can also
specifically induce NEDD8-modified Cullinl to transform into its unmodified form. And binding experiments
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showed that oleanonic acid could directly bind to TRAF1 at the level of cell lysate and living cells. Further

mechanism studies found that oleanonic acid significantly changed the protein interaction between TRAF1 and

Cullinl NEDDS8 modified complex. The above results indicate that oleanonic acid targets TRAF1 and regulates its
interaction with NEDDS8 modification complex to inhibit NEDDS8 modification of Cullin.
Key words: triterpenoid; oleanonic acid; TRAF1; Cullin; NEDD8 modification
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AR 45 41 SW480 Al HCT116 I [ 35
ATCC A 7], NEAR S 4 i HEK293T I [ [8 Rl 2
Rt 41 L 2 . Hi4A: NEDDS (5% 5 : ab126758). Cullinl
(T& 5 : ab75817). Cullin2 (78 5: ab166917). Cullin3 (1%
51 ab75851). Cullin4A (1% 5 : ab92554) 1 Cullin5 (5%
51 ab184177) 4 H % [E Abcam /A 7] ; TRAF1 (1%
51 47158, Al T PLA).NEDDS E2 45 & i (NEDDS-
conjugating enzyme Ubc12, UBC12) (& 5: 75817, T
PLA; % 5 : 5641) M1 RIPA 2 fif ¥ 4 W9 15 35 [H Cell
Signaling Technology ‘A 7]; Cullin4B (125 12916-1-AP).
TRAF1 (#%%5: 26845-1-AP). TRAF2 (%% 5 : 67315-1-Ig)
3 H 3% [ Protein Technology 2 # ; ¥4 48 IR 45 #4 15
A 1 (RING-box protein 1, RBX1) (% 5 : s¢393640,
M T PLA). UBC12 (5% 5 : s¢390064, H T PLA) Al
NEDDS (%5 sc373741, F -1 PLA) ¥ F 3% [F] Santa
Cruz 24 7] ; GAPDH 5 a-tubulin 2 % H 39 = & /£
MHARAF . HEIEREUYES 1,10- 35 2 it
(o-phenanthroline, OPT) i [ 3% [l MedChemExpress “£
VIR A 7] — B AN (DMSO) A G 4 1 i 41 1
78[5 Sigma /A & ; RPMI 1640 £5 7% 51 H 35 [H Gibco 22
F; TR R B R VW E 22 [E Invitrogen A Al B A
it 400 41 771 4 15 3 - Roche 24 W) ; BCA 25 H 8 25 &
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ol 2 g 410 1) 771 « M-PER 22 fi# 2% P ¥ fI1 Lipofectamine
3000 % [ 2% [E Thermo Scientific 2 & ; N- 2, 3 Iy 5k
Bt V% (N-ethylmaleimide, NEM) 4 B | if§ 5245 % 2
N 4% %2 58 BB VA R Triton X-100.5xSDS - #f: 42
WO R 4% b Eh VA W . Western — 1 B B W N
Hoechest 33342 ¥ H L2 = RAVIE AR AT

WAELEFE FTAYRES A 1% () HHE = -
R 10% (vv) G4 s m R R & p AR K
HEK293T HCT116 Al SW480 41 fiil /2 ¥ 7F 37 °C 5% —
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1A 20 B BEAT o

Western blot SE36 Ui &2 45 52 AL B 5 I 40 i, A
PBS ¥t 2 7% ¥, 76 & 4 PMSF. & [ i £ 5 B2 i 410 o)
71| \NEM F1 OPT [¥) RIPA 2% /i ik h 24, B T 0K - 247
30 min Ji7, N 4 °CE 0L, 14 000 r-min™ 0 15 min,
W R T e s, MRIEES RIEMKREIRCE &R &
JIN 5xSDS _EAEZE MR, 7F 100 °C4:J& ¥ th A2 10 min,
R 15 BRE S . FE LB i SDS/PAGE ¥t fit 47 L VK,
HEF2 3 PVDF 5, I 5% B A 2E 0 == J5 35 1 1 h, i
Wk G —Pif i &, & e S ROCIER I 44

CRISPR/Cas9 FiPREH  sgRNA #J##: /£ TRAF2
B Y B DX 3B TF RS /) 15 RNA (sgRNAT AT2),
sgRNA Z % F R 5 5 4: TRAF2 sgRNA1-F: CACCGC
AGGCGGAGCACAGGTACT; TRAF2 sgRNA1-R: CAC
CGCAGGCGGAGCACAGGTACT; TRAF2 sgRNA2-F:
CACCGATGGCATCGTCCCGCACGT; TRAF2 sgRNA2-
R: AAACACGTGCGGGACGATGCCATC. & i 5l %
SR, B KGR E1h, BRI, BRI MG S
VA B AR BB =), DDA 3 TRAF2 R B i 21 4
kL. B K R TRAF2 (ORI JE 45 Je S HCT116
Y, % Gk 48 h g, B I 0o ik AR R GFP &
LA, LAREFL— AR 2 FE R TE 96 FLAR R . A
i 3 5 2% T B K 96 FLAR HH 1) B B B 43 S A S 43 ik
TPCRAUEAK: 7%, Hid DNA JIF A1 Western blot S256:
HE—BESE R R

M2 KB (microscale thermophoresis, MST) £
HEK293T 4f ffd 7 43 7] ik 3¢ 35 GFP & [ #1147 A GFP b
R H BB A, — B Y 48 h R 4% (0 5 ik 2] 70% Mt
DA b B S A i, FH 2 B A R 5 () M-PER 27
ZLR, B P B O BORE B IR M AR (B TOW,
INF 8] 2 3 min); Bifi 5 0K 2% 30 min, £ 4L 75 4 °CF B
14 000 r-min™ &> 15 min, B L3 & & 4% 8 — 2t
o170 R, R 2 R S AR I B R R S ) 28O,
1 B G AE AE 200~400 1) H I # RE A5 40, K B iR TR
Eb 451 i B L& FH o FH & 10% DMSO ) PBS ¥4 WK /N

43T FE R RE, U M 100 umol - L 456 & A% B8 16 4,
YR 5 WL /Ny T, B B S5 T R 1Y A TR A R
B, W 3% HR /NG 1o BE R R U TN MST AT A
T, A% 3% B 46 25 °C, 20% LED 313, 10% IR-3#0%
Ih#; f J5 H Nano Temper #02F 1155 K {8

4 Bl #4 3% 7% S UG (cellular thermal shift assay,
CETSA) Y440 RT, HCT116 41 i il DMSO 5 5% 3
FHARE (10 pmol- L) 95 1 h, F & 76 & A B30 41 771 1)
Ve PBS HEAT 2, B2 BF41-F 35 70 B 74, TE BB LT
(I FEB6 FE _E 9 A 2 min, B G HEAT 3 K LG PR .
AMEIR, R R BEIEW AT 3 min, 85 7E 25 °C T IR EF
3 min. #/J51E4 °C R LL 14 000 r-min™ & 0> 15 min, ¥
% L iE W T2 M, F T Western blot 5256 .

SRILIEIZIAR (proximity ligation assay, PLA) 1%
f# Sigma-Aldrich (DUO092101) & 7 k47 . fd
PR, 0 DL 1x 10 N/450 pl f 25 B 4 D 2 4L 5 4R
ML A 200 A UG B i 45 24 . 4 A T 4% %2 58 FR i = 0 I
€ 15 min, 0.1% Triton X-100 % J7 18 % 15 min, $% % 41
M 7E 37 °C ) Duolink” BH Wi H & 11 1 h, H 5 P Fh—
PAE4°C B . 85, FE &7 5 H PLA $8 4t Al
RS 1 hA130 min, #267E37 °C R4 100 min.
21 i #% F Hoechst 43k 7F = i N 444 10 min. E1{& 2
{5 F 3% B2 7F LEICA SP-8 & 1%t I ) LEICA v FH £ /7
B X AR RN . PLA i) — U AR B RS 1
TRAF]1 (1:50), TRAF2 (1:100), NEDDS (1:50), Cullinl
(1:50), UBC12 (Cell Signaling, 1:50), RBX1 (1:50).

ZIFERHE MAHESI XA
GraphPad Prism %, Adobe illustrator X 4 32E 47 HERR
X F AR L, SR FH ARG OUR ek 36 . 024
H—AXMBEHAMLKR, RAHEEZETEZ 5N
(ANOVA). P<0.05#iNNZEFAH G758 L.

#HR
1 BT E B NEDDS IR =fE X RAR =& N
R THIT JU 5 B0 P = 2 2 2% 3 R e 1% 1 425 4
W & NEDDS8 121, Jy 5 L5 % 1 £ NEDD8 2 1ffi {1 K
IRANGY T, ASHIE AT DA B B I8 TR SR AL O kAl USCER T
S2AN S H M AL K AR =6 2K &, EEid
Western blot £l T % 4 ffl 4 =2 NEDDS 2417 (1) 1 4% 4
H, 85 R 2R, BFE R ERERAN, G 114NN T8
B H A i 1) 1 4% 28 I NEDDS 841 i 7E F (€ 1AB);
B IR E 15 MK /N 7y 1 Re 8 S 3 T B
% [ NEDDS8 #&1fi (& 1C); Hh A 3 A~ F 38 =i 25/
4y 3- R AR (3-epiursolic acid, 3EA). A& R i FR
(ursonic acid, UA) 555 B L Hi [iZ (oleanonic acid, OA)
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X} £ 1 NEDDS8 12 1 3 3t £ e HL 2 22 (% $10 l /E
(B 1D).

T I R 2 @ I B 1A TRAF2 4% Cullin NEDD8 &
TN, TR ik — 25 B0 AIE 55 SR i R X6 S 2R T NEDDS &

2 FEREDES EF M INE Cullin RFEE BRI NEDDS i B R TR T TRAF2, 45 5 % I, TRAF2 [ 5t
&4t o HOBE G 55 BUR BA R 5 pmol- L™ i %) 5 25 4 NEDDS8

N HE— 2GR FLIX 3 A /NG AR L, A S8R
T EATTR NEDDS A& 4 4 il 1 771 2 40 1, 45 SR o,
AE T 12 R S BUR B BR CE S pmol- L W LF-iEBR T BT
A 1) NEDD8 f21ffi, 3-3 & RER1E 10 pmol- L' N JL-F-1
B 7 Ff A I NEDDS 84 . 1T Cullin 2 1152 41 i 4
55N E (1 NEDDS B ik, AHF Ttk — B4R IT 11X
3AN/NGr X Cullin Z % & E 1) NEDDS A£415 (1 8 42 4
M, &5 %R, 3- KA KR 7E 10 pmol L' 15 5 NEDD8
1& i 1) CullinS % 4 Jy H R B 15 % 2, A& AL B 1% 1£
5 umol-L" 5 3 NEDD8 12 1ffi f] Cullin2 Al Cullin5 %%
NHEKRBWEN, FEEZME, FHEMRIE S
NEDDS 4 1fi ff) Cullin1 . Cullin2 A1 Cullin5 %% ¥ Jy H ok
B (B12A). 27 1, 738 BR AN SORT 4 g P9 A
NEDDS ]38 [ 2% 5 £ 5, H X} Cullin [f] NEDDS 1& 1fi

BRI E T, (EASREFELET L 10 pmol- L B X E 8 A
NEDDS EMfif#IHIEH . Xignn g HEASY
T F IR A % Cullin NEDDS &4 14041 (& 2B.C).
3 FIHREIRSIEFEMS TRAF RIEEH TRAF1 &4

W 7L ) ¥ (1) TRAF K& A 7 4> B 510 TRAFL~
TRAF7. fE&5t b, BT E B dH — A& ERSF W
TRAF 25 ¥ 38, . — > A T N R I (1) RING-finger 25 14 33
FJUAN 2% B2 (0B 18 45 M3k i (18 3A)™e BT A PR
HOAIUE T 5% HURE R A 5 TRAF2 45 &1, [A i,
AHEFL A FH MST B ARV, K ) 55 358 S W R 5 B T
TRAF2 MU H AL TRAF FEEHM X R EARIGYE
40 1 293 T 21 g b i %63k TRAF S 2K (1 ), 4@ 4 g
il 5 LR, 2SI R 9 B 1~ 3 min J5 8 MST
BEAT KT IN, 25 SRR 0, 5% SO W R e W 4 S M 5

FRO Y 4 R FH 2 B o Y 35 1, DR A I 9 3 B 5 R TRAF1 454, 5 TRAF1 45 & 25 F1 7725 10.90 pmol - L
=] /A\ Ay = ,/—\;, Ay ’T 2. N N
B RRAE N 5 2R FU i E N R T AR B R e (KI3B).
A 9 N 9 B
FTPPPER O g 1.
100— =R . - . :. .
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Figure 1 Screening of liquidambaric acid (LDA) analogues based on NEDD8 modification. A, B: In HCT116 cells, the protein NEDD8
modification level of 52 LDA analogs was treated for 24 h (A), and a scatter plot was drawn from this (B); C: In HCT116 cells, the protein
NEDDS8 modification level after 24 h of treatment with 12 candidate small molecules; D: In HCT116 cells, the protein NEDDS8 modification

level after 24 h of treatment with 5 candidate small molecules
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Figure 2 LDA analogues selectively inhibit Cullin NEDDS8 modification. A: The NEDD8 modification level of protein in HCT116 cells

after treatment with 3-epiursolic acid, ursonic acid and oleanonic acid for 24 h at 0, 5, and 10 pmol-L", respectively; B: In TNF receptor-

associated factor 2 (TRAF2) knockout HCT116 cells, the NEDDS8 modification level of protein was treated with oleanonic acid of 0, 5, and

10 umol-L™"; C: Verification of TRAF2 knockout HCT116 cells
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Figure 3 Validation of oleanonic acid targeting TRAF1. A: Schematic diagram of TRAF family domain; B: Microscale thermophoresis

(MST) was used to detect the binding of oleanonic acid to TRAF family proteins in HEK293T cells. TRAF1 incubation fitted the curve with

a K, value of 10.90 pmol-L™ (n = 3); C: Cellular thermal shift assay (CETSA) was used to detect the changes of TRAF1 protein levels in

SW480 cells after treatment with oleanonic acid 10 umol-L™' for 1 h

AT 5 FE — 2 0F i 4 L R SR SR A R 5 TRAF 1
145 A1 AT CETSA K . CETSA 2 % TR 4 4
T 5 A 255 0] U AR ) 2R e M T S
SEO GBI — R RN, g R B, 55 ORI R g
A TRAFL R M (B3C). %5 1, FFEURIIR
Refy 5 TRAF] B4 5.

4 ST REIEZH#E TRAF1 5 NEDDS &1k @EKRER
B

R R & % 8 TRAF2 7] 5 NEDDS 12 1fii 52
AV E B AR, K, AHF A HE— 25 %% TRAFL 5
NEDDS &1 5 A0 1E F, DL B 55 435 0 1 1 of 3G 1 42
YEF . 1R H PLAKI TRAF1 5 NEDDS K& H A& 1fi
FRGAH BAE B 55 SR TR o LB . PLA $2
AR AT S BT P 5 M 22 4B ] A LA FH B T AR AL AT
Fe, 5 B R P, TRAF1 5 NEDDS A & H A i H 1

FH, HLFFBOR B B A 2048 TRAF1 5 NEDDS f HAF (K
4A). 5% %L 7 TRAF1 I NEDDS {5 1fi % 4t v E2
fiff (UBC12).E3 i (RBX1) 5 K% (Cullinl) ) H.1E,
g5 ORI, T ORI IR 2 9k 55 TRAF1 5 UBC12 &
RBX1 FIAH BAE L, B34 12, 57 UR R 2 1225 3
3% TRAF1 5 Cullinl fAH B A/E A (K 4B). B4, AHF
Fe 3k — 5 HE B 5T BUR B R R 3% Cullin 1 2 75 4K #6i
T TRAF2, 45 R EIR, 55 R R A 442 TRAF1 5
TRAF2 [ EAE (1 4C).

Fk TRAF1 5 NEDDS % 4t (1) H.{E 4, A58 41 ik
WFST T 55 185 5 B 1 % NEDD8 A& 1 il 2 1] A4 ) 5
g5 B oR, FF BOR B R 2 3 40 ) Cullinl 5 E2 B
UBCI12 [ 4H B./E B, % 3% 5 3% Cullinl 5 E3 # RBX1
AR /R, 2 3% 14 595 B2 [ UBC12 55 E3 fiff RBX1 1)
HAE (K14D). Lh bgh R BH, 55 3805 W B 38 i 52 1
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Cullinl & &R %%, PL R #I#] Cullinl 5 UBCI12 H UBCI12 UL}z E3 F§ RBX1 B A1 B /E F, DLk i 4%
E SR AN NEDDS 7 2% Bk il I (4% 36, 35 11 #1 Cullin NEDDS8 &1 245, HE ST, T30 F B R A 0% & 2 41

I NEDDS &4 . #l Cullinl 5 UBC12 iy AH H/EFH, MM #0141 NEDDS M
E2 B AL 6 3 Lo deah, S5 300 B i At 25 1 5
i Cullinl 5 RBX1 A1 HAE T, DA B8 UBCI12 5

AT R BN, FF R B R e B 3% H AR s 4 i) RBXI1 M EAE, LA Cullinl &S 4K (K2R3, 3t — 4
ZH B N L NEDDS & 11 & 45 5% 14 Cullin1/2/5 NEDDS§ 12 4% Cullin Y) NEDDS8 1&1ffi .

i, ML G R 5 S ) TRAF, 38 i 3 56 {HARERE I, 555 BUR R R 3% 2 M 0 1] Cullinl/
TRAF1 5)E%) Cullinl A1 B./E H, 959 TRAF1 5 E2 2/5 NEDDS &4 A~ [A], % 4% 38 B2 128 3¢ 14 40 41 Cullin2/5
A

TRAF1/UBC12 TRAF1/RBX1

TRAF1/Cullinl

TRAF1/NEDD8

DMSO
DMSO

Oleanonic acid

Oleanonic acid
Oleanonic acid

0 10 um
ns
50

10 um
— 200 =150 ok
= 2 B = e 5 -
8 a .- E5
A 5200 S =8 130 = 4100
g s a5 e ERS
2 2 150 25 g2 Qg
zg =g =g 100 =g
=5 100 =2 <8 $E S0
E SE .8 o
<E . 25 50 e
=3 50 =g S E
3 3 =
£ o = = o 0 o
O O Q < )
S & P o S e FO Fo
Q%\% q"\o“\,/@’\ Qﬁ\,,\ (boo‘:\,/\" Q@‘\,/\b Qo“\//@ Q @//\ &‘9 \({,’\»
$ P S C o O
& & o
C
TRAF1/TRAF2 Cullinl/UBC12 Cullinl/RBX1 UBCI12/RBX1

DMSO

*
150~ #k

10 um:

(=3
T

UBCI12/RBX1
Fluo. intensity per cell
w
=]
|

=
3
<
K
=]
=]
g
=
o

Oleanonic acid
Oleanonic acid
Oleanonic acid

10 um

b
g
8 _ g
3 3 B 2 o &L
= o8 S5 E VAT
3 Z100 o} 52 e ESPS
= =) 2L ] P
=k =g =E 5 2 FESY
= 5 a8 £33 . o
g 50 =8 =g i)
é 5 S.£ 33
=g S £
= z =
0 0 0
O~ > On & N
SOL S Nt
&S & S & SO
> 50 S
¢ AN o

Figure 4 Oleanonic acid regulates the interaction between TRAF1 and NEDDS8 modified pathway proteins. A: The interaction between
TRAFI and NEDDS in HCT116 cells treated with oleanonic acid (10 umol-L™) for 24 h was detected by proximity ligation assay (PLA) and
the results were statistically analyzed; B: The interaction between TRAF1 and UBC12, RBX1, Cullinl in HCT116 cells treated with
oleanonic acid (10 pmol-L™") for 24 h was detected by PLA and the results were statistically analyzed; C: The interaction between TRAF1
and TRAF2 in HCT116 cells treated with oleanonic acid (10 pmol-L") for 24 h was detected by PLA and the results were statistically
analyzed; D: The interaction between Cullinl and UBC12, Cullinl and RBX1, UBC12 and RBX1 in HCT116 cells treated with oleanonic
acid (10 umol-L™") for 24 h was detected by PLA and the results were statistically analyzed. "P < 0.05; “P < 0.01. Scale bar: 10 um
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